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Introduction
Despite enzyme-catalysed protein lipidation reactions being well established, 1,2 acyl group transfer from lipids to proteins in the absence of enzyme catalysis is poorly characterised.
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Any notion that the lipid membrane may be considered a chemically inert medium, in respect of the proteins and peptides associated with it, was recently challenged by the observation of innate reactivity between the peptide melittin and membranes composed of phosphocholines. 3 This 25 reactivity was identified through the detection of acylated melittin in MALDI-ToF MS spectra of synthetic (i.e. enzymefree) melittin-lipid mixtures. Whilst the MALDI-ToF MS method was sufficiently sensitive to detect both products of the reaction, namely the acylated melittin itself and the lyso-30 phosphocholine byproduct 2 (Scheme 1), it was of insufficient sensitivity to detect reaction products in the early stages after addition of melittin to membranes. It was therefore desirable to develop a more sensitive analytical LCbased method to address sensitivity issues and facilitate 35 quantification of the reaction at each of the available sites of the peptide with a range of lipids. The resulting LC-MS method, which is of sufficient sensitivity to detect acylation with 4 h of peptide addition, as well as the presence of previously undetected reaction products, is reported herein. 
1-Palmitoyl-2-Oleoyl-3-Phosphocholine (POPC) Separation of Acylated Melittin by Liquid Chromatography
All experiments were conducted by incubating melittin and unilamellar liposomes of 100 nm diameter at 37 °C in high salt buffers. Sodium bicarbonate at pH 7.4 was employed as 45 buffer, as this is suitably volatile for MS analyses and permits good chromatographic separation by reverse-phase LC. LC-MS analyses using a C 18 column gave good separation of unreacted melittin, acylated melittin and both lyso-PCs (Fig.   1A ). The separated components were detected using a 50 photodiode array (PDA) detector and an ESI FTICR mass spectrometer (further details in the supporting information).
Scheme 1 Generalised reaction between melittin and phospholipids.
It was striking that six acyl melittin peaks could be detected in 55 the LC trace, with two of these predominating (peaks v and vi, Fig. 1A ). For most experiments, LC analyses were performed using injection quantitites that were insufficient for peak detection by UV methods. However, some analyses (for higher order MS n experiments) were conducted with a higher 60 loading that permitted a comparison of the peaks arising from the total absorbance of the PDA detector with those of the ion current ( Fig. 1A and B) . With the assumption that acylation did not significantly modify the extinction coefficient of the peptide, this comparison indicated that the ionisation efficiency of the acylated products differed significantly.
Fig. 1 LC chromatograms from a mixture of melittin (45 µM)
and POPC (0.25 mM) at 37 °C in 10 mM NaHCO3/90 mM NaCl, after 52 h. 5 Separation was performed using an Xbridge C18 column (Waters), with a linear reverse-phase gradient over 12 min. (A) total ion chromatogram (TIC), plotted as absolute intensity; (B) total PDA absorbance. Peak i is melittin; ii-vii are acylated melttin; viii-x are lyso-PC.
This was most notable for peaks iii and vi, both of which had 10 different relative peak areas from the PDA when compared with those determined by ion intensity. It was nevertheless apparent that both the PDA and total ion chromatograms (TICs) gave the same trend in relative peak area for each of the peptides in the mixture, with peak vi being the 15 predominant acylated melittin in both cases. Relative peak areas from the MS chromatogram ( Fig. 1A ) could therefore be interpreted in a semi-quantitative manner to assess the amount of each of the compounds present. Analysis of extracted ion chromatograms (EICs) revealed that 20 each of the two possible lyso-PCs eluted as two peaks (see ESI). The major peak in each case had a longer retention time and was attributed to the 1-acyl lyso-PC. The minor peak was attributed to the 2-acyl lyso-PC, with the two lyso-PCs existing in equilibrium by transesterification. 4 Peak viii (Fig. 25 1A) is the minor peak corresponding to 2-palmitoyl-PC. The corresponding minor peak for 2-oleoyl-PC is masked by the major peak for 1-palmitoyl-PC (peak ix).
Product Identification by MS and Tandem MS Methods
Acylated melittin products were easily identifiable through 30 the observation of molecular ion charge state series [M + nH] n+ where n = 3-5, corresponding to the addition of either an oleoyl or a palmitoyl group (Fig. 2) . In addition to these mutiply charged ions, smaller ions corresponding to in-source fragments were seen in all spectra. The major in-source 35 fragmentation product resulted from y-type cleavage at P14. Therefore, for melittin and melittin acylated N-terminal to P14, the major fragment had an m/z of 812, corresponding to the unmodified C-terminal fragment. 3A) and peak v as the peptide modified at K21 or K23 (Fig. 3B) . The product ion of m/z 976.6 in the MS/MS spectrum of the palmitoylated precursor 60 in peak vi (Fig. 3A) was further fragmented to yield a very clean sequence ladder of b-type ions matching N-terminal acylation (Fig. 3C ), which both confirmed this assignment and ruled out this peak in the LC trace arising by modification at other sites. The product ion of m/z 630.3 in the MS/MS spectrum of the oleoylated component in peak v was also fragmented, yielding a sequence ladder of y-type fragments that extended sufficiently close to the C-terminus to rule out modification of K21. Peak v was therefore assigned as the product arising 10 from acylation of K23.
Progress of the reaction with POPC
Analysis by LC-MS offered the possibility of monitoring the processes of palmitoylation and oleoylation separately, enabling a comparison of the reactivity of the fatty acyl 15 groups at each position of the lipid. In practice, only the three major peaks in the LC trace corresponding to melittin (peak i), N-acyl melittin (peak vi) and K23-acyl melittin (peak v) were monitored in these experiments, which were conducted using smaller quantities of material per injection than those used for 20 the chromatogram in Fig. 1 . Nevertheless, it was striking that the presence of N-acyl melittin could be detected within 4 h (Fig. 4A) . Examination of the EICs (Fig. 4B) revealed that the first detectable product, after 4 h, was N-palmitoyl melittin. This can be accounted for by either the N-palmitoyl species 10 forming first, or a propensity for the palmitoylated peptide to ionise more easily by electrospray than its oleoyl counterpart, the effects of which will be more pronounced at low concentrations. As a consequence, no firm conclusions can be made regarding the selectivity of product formation in the 15 early stages. In the later stages of the reaction, it is clear that a signficant degree of conversion is achieved, and that the reaction displays subtle lipid regioselectivity. This is most evident when comparing the palmitoyl and oleoyl traces after 95 h and 173 h (Fig. 4B) , where the fatty acyl selectivities for 20 reaction at the N-terminal amino and K23 amino groups are opposed, with oleoylation of K23 preferred and palmitoylation of the N-terminal amino group marginally favoured.
Minor products in the reaction with POPC
Three minor monoacylated products could be detected, (peaks 25 ii-iv, Fig. 1 ), albeit with very weak intensities. The presence of these components was more evident upon examination of the LC-MS 3 traces for these samples (Fig. 5) . Although the ion currents were understandably low, the higher order MS n experiments yielded significant improvements in the signal- to-noise ratio in these analyses. Where the ion corresponding to m/z 972 was used as the precursor ion for MS 3 experiments (Fig. 5A ), all three of the minor peaks (ii-iv) were resolved. When the MS 3 precursor ion at m/z 630.2 was used however ( The observation of all of peaks ii-iv in Fig. 5A can be attributed to the precursor ion of m/z 972 being a y-type fragment of sufficient size to cover all of the internal lysines 50 and the C-terminus of the peptide. On the basis of mass spectra from these peaks (see ESI), peak iv has been tentatively assigned as the product of acylation at K7 and peak iii as acylation at K21. The remaining peak was difficult to assign, although the product ion sequence ladder indicated 55 that it was modified at, or C-terminal to, S18. On the basis of the available sites of reaction, we propose that this product arises by acylation of S18 in a transesterification reaction. In previous work using MALDI-ToF MS, doubly acylated peptides were not detectable in the mixture. However, the improvements in sensitivity offered by LC 65 separation combined with electrospray MS enabled these products to be identified over a wide span of retention time (9.5-11.5 min, Fig. 6 (Fig. 5) , the corresponding extracted ion chromatograms for doublyacylated melittin were understandably complex (see ESI). 5 Added to this, the retention times for some of the doubly acylated peptides overlapped those of the lyso-PCs, with potential effects on the magnitude of the ion currents observed. This made precise quantification of the extent of double acylation difficult. Our best estimate for the proportion 10 of doubly acylated product, based on the PDA ( Fig. 1 ) and extracted ion chromatogram data, is ≤ 10%.
Acyl Transfer From Other Lipids 1-Oleoyl-2-Palmitoyl-3-Phosphocholine (OPPC)
The reaction between melittin and membranes composed of 15 OPPC was followed to determine whether the small degree of selectivity found with POPC was attributable to the position on the glycerol backbone, or the chemical nature of the acyl group. The data ( Fig. 7 ) indicated that the overall rate of reaction was marginally slower to that observed for POPC. Oleoylation of K23 was still marginally favoured over palmitoylation, suggesting that the identity of the acyl group had some influence on the reactivity at this position. As with POPC, selectivity for reaction at the N-terminal amino group of melittin was minimal, with a marginal preference for 30 transfer of the acyl group at the 1-position of glycerol.
1,2,-dioleoyl-3-phosphocholine (DOPC)/1,2-dipalmitoyl-3-phosphoserine (DPPS), 4:1
This lipid mixture was examined in order to determine whether the reaction could be extended to classes of lipid 35 other than PCs. In particular, negtively charged lipids have been shown to enhance the membrane binding of melittin, 5 with the bound peptide exhibiting restricted conformational freedom when compared with PC membranes. Interestingly, with this lipid mixture, acyl transfer was only observed from 40 the PC component (Fig 8) . This selectivity for PC over PS indicates that mode of binding and orientation of the peptide with regard to individual lipid components is fundamental in determining its surface 50 reactivity.
DOPC/1,2-dimyristoyl-3-phosphoglycerol (DMPG), 4:1
The effects of lipid composition on the reaction were extended to mixtures of PC with PG ( Fig. 9 ). Upon examination of the melittin/DOPC/DMPG mixture, it was evident that products of acyl transfer from both DOPC and DMPG could be detected (Fig 9) . In this case, the difference in retention times between equivalent oleoylated and myristoylated peptides was such that the N-terminal 65 myristoylated peptide co-eluted with the K23 oleoylated peptide ( Fig. 9 , peak iv). Using extracted ion data it was possible to detect myristoyl transfer from PG within 95 h, and oleoyl transfer from PC within 28 h, a somewhat slower rate than found with any of the other lipid mixtures. This slower rate may be attributable to a change in binding exhibited by melittin in the presence of PG, but it is 10 nevertheless intersting to note from a fundamental point of view that the reaction is not restricted to PC lipids.
Comparison of Reaction Rates
As discussed above, the LC peak areas from ion chromatograms give only a semi-quantitative report of the 15 amounts of product present, and consequently the reaction rate. Nonetheless, comparison of the peak areas ( Fig. 11 ) from the different reactions described above reveals two general points. Firstly, the reaction with DOPC/DMPG is confirmed as being slower than the others. Secondly, for all of the 20 reactions, apart from that with DOPC/DMPG, the time required for 50% conversion is ~24 h, which is significantly faster than that observed previously with POPC in phosphate buffered saline (16 days).
3
Discussion

25
The reactivity of peptidic functional groups (amines, thiols, alcohols) will be determined by their local environment. In order for acyl transfer to occur, reactive groups of the acyl acceptor (peptide) must approach sufficiently close to the carbonyl groups of the lipid acyl chains in a suitably reactive 30 form, i.e. as the free amine. Therefore, when considering the relative rates of acyl transfer at different sites on the peptide, the effects of amine basicity on both the intrinsic rate of reaction and partitioning into the membrane have to be considered. The proportion of the amine that will exist in the neutral form at pH 7.4 will show an inverse relationship with the pKa of the conjugate acid, leading to less penetration of the membrane and reduced reaction rates for more basic amines.
55
The effects of pKa on the rate of acyl transfer are therefore modulated by factors of intrinsic reaction kinetics and membrane penetration that are opposed in their effects. This raises the question of how the effective pKa values of the ammonium species in the membrane bound state of melittin 60 are able to influence the reaction. Analysis of amino group protonation in melittin is complicated by the existence of monomeric and tetrameric forms of the peptide in equilibrium, with formation of the tetramer promoted at high pH when amino groups are in the neutral state. 8 There is general 65 consensus however, that the N-terminal ammonium group has a pKa in the range 7.5-8.15 in both monomeric and tetrameric states of the peptide in solution. 9, 10 One study has addressed the pKa values of the ammonium groups in a micelle-bound state (using monomyristoyl PC) by 15 N NMR, finding a pKa 70 value for the N-terminal ammonium group of 7.9, 10 which is supported by other NMR studies with micelle-associated melittin. 11 This relatively low pKa value for the N-terminal ammonium group indicates that a substantial fraction will be in the neutral form at pH 7.4 and suggests that membrane 75 partitioning is the more important factor for determining the higher reactivity associated with this group. The lysine ammonium groups of K7 and K21 are consistently found with higher pKa values, in the range 9.2-10.2, both for the tetramer in solution and the micelle-associated form. 9, 10, 8 
Conclusions
The data presented in this paper, alongside our previous communication, prove unambiguously that peptides are 50 subject to acyl transfer from lipids in the absence of enzyme catalysis. This transfer exhibits some lipid selectivity, and a modest regioselectivity in terms of the available reactive groups on the peptide. Whilst the reaction itself (amine + ester to give amide + alcohol) is not without precedent, the 55 significance in this case is due to the potential impact these findings have on current thinking about the membrane. This film was then hydrated with 1 ml of buffer and after thorough mixing was subjected to five freeze thaw cycles. The vesicles were then extruded 10 times through laser-etched polycarbonate membranes (Whatman, 100 nm pore size) at 60 °C using a thermobarrel extruder (Northern Lipids, Burnaby, 
Tryptic digests
Calcium chloride (aq., 100 mM, 2.2 µl) was added to the melittin/liposome mixtures (20 µl). Trypsin solution (250 40 ng/µl, 0.025% acetic acid/50 mM Tris; 1 µl) was added. The mixture was agitated at 37 °C. After 18 h, samples were analysed by LC-MS.
LC-MS
LC MS was performed with a Surveyor HPLC coupled to an The only notable feature is the appearance of lyso-PCs in all samples after 2-3 days. Note that the ion currents for the lysoPCs in the absence of melittin (Fig. S1D, Fig. S1E ) are two orders of magnitude lower than those found in the presence of melittin (Fig. 1, main paper) . Intensities for lyso-PCs were not For the figures in the main paper, ion current data were 5 filtered by combining the extracted ion currents (EICs) for all of the charge states of melittin, acylated melittin and lysoPCs. This gave improvements in signal-to-noise ratio. Fig. S2 demonstrates that the combined EICs recapture the total ion current (TIC) for the peaks in the chromatogram (i.e. data are 10 not being lost during filtering). Each lyso-PC gave rise to two peaks in the chromatogram, one for the 1-acyl, and one for the 2-acyl. The intensity difference between the lyso-PC peak and the total intensity is due to doubly acylated melittin.
Double Peaks for lyso-PCs
20
Peak Areas: Ion Current vs PDA Table S1 Peak areas from the photodiode array detector and TIC chromatograms (see Fig. 1, main Gaussian function to the data.
Additional MS Data (Melittin + POPC)
Full spectra for main peaks Fig. S4 Full MS spectra. MS spectra (absolute intensities) summed over peak i (A), peak v (B) and peak vi (C) of the LC trace in Fig. 1 (main paper). {(B) and (C) are full-scan versions of Fig. 2(A) and Fig. 2(B Tables S2-S4 .
Table S2
Assignments for ions in the MS spectrum of peak i from the LC-MS trace of POPC/melittin (Fig. 1, main paper) . These are the assignments for Fig. S4(A) Table S3 Assignments for ions in the MS spectrum of peak v from the LC-MS trace of POPC/melittin (Fig. 1, main paper) . These are the assignments for Fig. S4 Table S4 Assignments for ions in the MS spectrum of peak vi from the LC-MS trace of POPC/melittin (Fig. 1, main paper) . These are the assignments for Fig. S4 unit. This may be due to an uncharacterised rearrangement occurring due to the proximity of these residues to the oleoyl modification. Table S6 Assignments for ions in the MS/MS spectrum of peak vi (Fig. 1 , main paper), precursor ion m/z 772.0 (assignments for Fig. 3(A) a Key: Pal, palmitoyl; b this is the precursor ion for peaks ii-v in Fig 5( A) (main paper) and Table S9 (but not Tables S10 and S11)   Table S9 Assignments for ions in the MS 3 spectrum from the centre (maximum intensity) of peak iv (Fig. 1, main Table S10 Assignments for ions in the MS 3 spectrum from the centre (maximum intensity) of peak iii (Fig. 1, main S11 Assignments for ions in the MS 3 spectrum from the centre (maximum intensity) of peak ii (Fig. 1, main Table S12 ).
5
Table S12 Assignments for doubly acylated melittin (Fig. S7 ). Other data are given only for the main peaks in Fig. S7(A) not be used to locate the positions of acylation. In addition, extensive digestion was not observed for the lipidated peptide, rendering the results from tryptic digests inconclusive. Nevertheless, the most abundant lipidated peptides (Fig S9(B) and (C)) are consistent with N-terminal acylation as a major 30 product. (Fig. 9 , main paper). Tables S14 and S15. 
